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In this work a systematic molecular simulation study was performed to study the effect of interpenetration on
gas mixture separation in metal-organic frameworks (MOFs). To do this, three pairs of isoreticular MOFs
(IRMOFs) with and without interpenetration were adopted to compare their adsorption separation selectivity
for CH4/H2 mixtures at room temperature. The results show that methane selectivity is greatly enhanced in
the interpenetrated IRMOFs compared with their noninterpenetrated counterparts, due to the formation of
additional small pores and adsorption sites by the interpenetration of frameworks. Furthermore, this work
shows methane selectivity behavior is more complex in the former and selectivity differs largely in the different
areas of the pores, attributed to the existence of various small pores of different sizes. In addition, the present
work shows the ideal adsorbed solution theory is likely to be applicable to interpenetrated MOFs with complex
structures.
1. Introduction
Metal-organic frameworks (MOFs) are a family of hybrid
porous materials that are formed by the coordination of metal
ions with organic linkers. These materials feature opportunities
for functionality and structure by a rational combination of
different metal ions with different organic linkers. To date a
large number of different MOFs have been synthesized which
have shown various promising applications in, for example, gas
storage, separation, or catalysis, etc.1–3 According to the
structural characteristics, they can be categorized into two types:
those with noninterpenetrated frameworks4,5 and those with
interpenetrated ones.6,7 In the latter additional small pores and
adsorption sites are formed by the interpenetration of frame-
works, leading to MOFs with multipores of different sizes that
may exhibit enhanced gas adsorption and separation properties.7–13
Currently, most theoretical14–23 and experimental24–26 inves-
tigations focus on noninterpenetrated MOFs and far less
attention has been paid on these interpenetrated structures.
Extensive studies have been carried out on the adsorption and
diffusion of pure gases in MOFs,1–6,8–10,14–18,24–29 but far less
attentionhasbeengivento theseparationofgasmixtures.7,11–13,19–23
Among the available separation studies, Chen and co-workers
performed experimental separations of light gas mixtures in
several interpenetrated MOFs that exhibit high selectivity.7,11,12
These experimental results encouraged us to carry out a
systematic study on the effect of interpenetration (catenation)
on gas mixture separations. In this work, we have selected three
pairs of MOFs,30 three interpenetrated MOFs and their nonin-
terpenetrated counterparts, which allows us to compare the effect
of interpenetration while excluding the influences of the
differences in chemical composition of these materials. We
selected the CH4/H2 system as the model mixture to separate
since this is an important practical system that is involved in
the process of purification of synthetic gas obtained from steam
reforming of natural gas. Currently, 95% of hydrogen used in
fuel cells is produced by this method, and components such as
methane must be removed from the synthetic gas before
hydrogen can be used effectively.31
2. Models and Computational Method
2.1. MOF Structures. In this work, six isoreticular metal-
organic frameworks (IRMOFs), as synthesized by Eddaoudi et
al.,30 were adopted as representatives of MOFs. The crystal
structures of these IRMOFs were constructed from the XRD
data30 using Materials Studio Visualizer32 (see Figure 1).
As shown in Figure 1, IRMOFs-10, -12, and -14 feature the
same primitive cubic topology with the octahedral Zn4O(CO2)
clusters linked by different organic dicarboxylate linkers, whereas
IRMOFs-9, -11, and -13 are the interpenetrated counterparts of
IRMOFs-10, -12, and -14, respectively. The structural properties
for these IRMOF materials are summarized in Table 1, where the
free volumes were calculated using a probe size of 0.0 Å to
determine the total free volume not occupied by the framework
atoms. It should be noted that this method of calculating free
volume, as done by others,14,27 is based solely on the system
geometry.
2.2. Force Fields. In the present work, a single Lennard-
Jones (LJ) interaction site model was used to describe a methane
molecule, and the potential parameters were taken from the
TraPPE force field.33 H2 was modeled as a rigid diatomic
molecule with bond length of 0.74 Å, and each atom H was
represented as an LJ interaction site with the potential parameters
taken from our previous work.34 Electrostatic interactions were
not included, as previous simulations have shown that the effect
of these interactions on the adsorption of hydrogen in MOFs is
very small at room temperature.35 The above potential models
have been successfully used to model the adsorptions of methane
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and hydrogen in MOFs.23,34,36 For the IRMOFs studied here,
an atomistic representation was used. For calculating the
interactions between the adsorbate molecules and the atoms in
the framework of the MOF materials, we adopted the universal
force field (UFF) of Rappe et al.,37 which has been successfully
employed to depict the adsorption,35,38 diffusion,39,40 and
separation20,41 of several light gases and their mixtures in MOFs.
The potential parameters used are listed in Table 2. In our
simulations, all the LJ cross interaction parameters were
determined by the Lorentz-Berthelot mixing rules.
To further confirm the reliability of the force fields adopted
in this work, the adsorption isotherms of pure CH4 and H2 in
IRMOF-1 (MOF-5) were simulated and compared with experi-
mental data, as shown in Figure 2. The results show that the
simulations enable excellent reproduction of the experimental
adsorption isotherm of CH417 up to ca. 3 MPa, whereas for H2,
excellent agreement between simulation and experiment25 is also
obtained up to 2 MPa; a similar conclusion has also been
obtained by Frost and Snurr.27 Therefore, the force fields adopted
in this work are reliable to investigate the adsorption separation
selectivity of CH4/H2 mixtures in IRMOFs with pressure up to
2 MPa.
2.3. Simulation Method. Grand canonical Monte Carlo
(GCMC) simulations were employed to calculate the adsorption
of pure components and their mixtures in all IRMOFs. Similar
to previous works,20–23 all the IRMOFs were treated as rigid
Figure 1. Crystal structures of the IRMOFs used in the simulation: (a) IRMOF-9, (b) IRMOF-10, (c) IRMOF-11, (d) IRMOF-12, (e) IRMOF-13,
(f) IRMOF-14 (Zn, blue; O, red; C, gray, and H, white).
TABLE 1: Structural Properties for the IRMOFs Studied in This Work
material pore shapea unit cell (Å) cell angle (deg) dpore (Å)a
Fcrys
(g/cm3)a
Vfree
(cm3/g)b
porosity
(%)b
IRMOF-10 cubic a ) b ) c ) 34.281 R )  ) γ ) 90 16.7/20.2 0.33 2.66 87.9
IRMOF-12 cubic a ) b ) c ) 34.281 R )  ) γ ) 90 13.9/20.0 0.38 2.24 85.1
IRMOF-14 cubic a ) b ) c ) 34.381 R )  ) γ ) 90 14.7/20.1 0.37 2.30 86.3
IRMOF-9 cubic/catenation a ) 17.147, b ) 23.322, c ) 25.255 R )  ) γ ) 90 4.5/6.3/8.1/10.7 0.66 1.14 74.8
IRMOF-11 cubic/catenation a ) b ) 24.822, c ) 56.734 R )  ) 90, γ ) 120 3.5/3.8/4.7/6.1/7.3/11.1 0.76 0.92 69.8
IRMOF-13 cubic/catenation a ) b ) 24.822, c ) 56.734 R )  ) 90, γ ) 120 4.2/4.7/6.1/7.0/11.4 0.75 0.95 71.4
a Obtained from the XRD crystal data (ref 30). b Calculated with the Materials Studio package.
TABLE 2: LJ Potential Parameters for CH4, H2, and the
IRMOFs Used in This Work
LJ parameters CH4 H2_H MOF_O MOF_C MOF_H MOF_Zn
σ (Å) 3.73 2.72 3.12 3.43 2.57 2.46
ε/kB (K) 148.0 10.00 30.19 52.84 22.14 62.40
Figure 2. Comparison of simulated and experimental (refs 17 and 25)
adsorption isotherms of CH4 and H2 in IRMOF-1 (MOF-5) at 298 K.
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frameworks, with atoms frozen at their crystallographic positions
during simulations. A cutoff radius of 12.8 Å was applied to
the LJ interactions. To convert the experimental pressures to
chemical potentials, which are required in the GCMC simula-
tions, we used the Peng-Robinson equation of state. For each
state point, GCMC simulation consisted of 1.5 × 107 steps, to
guarantee equilibration, followed by 1.5 × 107 steps to sample
the desired thermodynamic properties. To estimate the statistical
uncertainty, the production phase of each state point was divided
into 10 blocks and the standard deviation of the block average
was calculated. The statistical uncertainties on the final results,
including the ensemble averages of the number of adsorbate
molecules in the simulation cell and the total potential energy,
were estimated to be within (2%. A detailed description of
the simulation methods can be found in ref 42.
3. Results and Discussion
In separation processes a good indication of the ability for
separation is the selectivity of a porous material for different
components in mixtures. The selectivity for component A
relative to component B is defined by S ) (xA/xB)(yB/yA), where
xA and xB are the mole fractions of components A and B in the
adsorbed phase and yA and yB are the mole fractions of
components A and B in the bulk phase, respectively. In this
work, we first compared the adsorption selectivity of the six
MOFs to reveal the effect of interpenetration, then studied the
effect of mixture composition on selectivity, and finally carried
out ideal adsorbed solution theory (IAST) calculations to check
whether IAST is applicable to MOFs with interpenetration.
3.1. Adsorption Selectivity. As a first step, we performed
molecular simulations to calculate the adsorption selectivity of
methane from the binary mixtures of CH4/H2 in the three
interpenetrated IRMOFs as well as their noninterpenetrated
counterparts. The results for five different gas compositions at
298 K are shown in Figure 3 as a function of the bulk pressure
up to 2.0 MPa.
Figure 3 shows the effect of interpenetration (catenation) on
gas mixture separation is most pronounced at room temperature.
The adsorption selectivities for CH4 in the IRMOFs (IRMOF-
9, IRMOF-11, and IRMOF-13) with interpenetration are much
Figure 3. Selectivity for CH4 from binary mixtures of CH4/H2 with various gas compositions at 298 K: (a) 5% CH4 and 95% H2, (b) 30% CH4
and 70% H2, (c) 50% CH4 and 50% H2, (d) 70% CH4 and 30% H2, and (e) 95% CH4 and 5% H2.
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higher than those in their corresponding noninterpenetrated
counterparts (IRMOF-10, IRMOF-12, and IRMOF-14, respec-
tively), indicating that catenation can improve the adsorption
selectivity for CH4/H2 system significantly. Separation of
equimolar mixture of CH4/H2 has been performed in other
porous materials, for example, at room temperature and moder-
ate pressure, the selectivity of CH4 is 5.0 in MOF-5,21 13.3 in
Cu-BTC,21 (a highly porous MOF, BTC: benzene-1,3,5-
tricarboxylate) 8.0 in SAPO-34 membrane,43 2.0 in microporous
SSF membrane,44 and 13.0 in carbon nanotubes.45 Obviously,
Figure 3 demonstrates that IRMOF-9, IRMOF-11, and IRMOF-
13 show much larger selectivity than the above-mentioned
materials, illustrating the generation of interpenetrated structures
is a promising strategy to produce MOF materials for separation
applications.
In addition, from Figure 3 we can see the pressure-dependent
behavior of adsorption selectivity is much different in the two
types of materials, i.e., the noninterpenetrated IRMOFs and their
interpenetrated counterparts. For IRMOF-10, IRMOF-12, and
IRMOF-14, the selectivities of methane are nearly pressure-
independent for all the gas compositions within the pressure
range studied. The reasons are that their crystal structures are
very simple with large cubic pores, and up to 2.0 MPa there is
still much space in the pores of the materials; thus, the packing
effect that favors the adsorption of hydrogen will only play a
role at much higher pressures. As to IRMOF-9, IRMOF-11, and
IRMOF-13, the adsorption selectivity curves contain two steps:
a quick decrease at low pressures, followed by a slow decrease
with further increasing pressure, and with increasing the gas
compositions of CH4 this trend becomes more pronounced. This
can be attributed to the facts that in the interpenetrated IRMOFs
there are different types of pores (4 in IRMOF-9, 6 in IRMOF-
11, and 5 in IRMOF-13) with much smaller sizes, leading to
stronger confinement effects and the packing effects become
evident at low pressures; the existence of small pores together
with the heterogeneity in pore size results in a decrease of
methane selectivity with increasing pressure. Similar behavior
has also been observed in our previous work for the separation
of CH4/H2 mixture in Cu-BTC, which has two kinds of small
size pores.21
To understand the effect of interpenetration, we further
analyzed the loading dependency of the adsorbate/IRMOF
framework interactions for an equimolar mixture of CH4/H2 as
shown in Figure 4, in which the interactions were represented
by the isosteric heats of adsorption contributed from the part
of the adsorbate/IRMOF framework interactions. Obviously, the
differences of isosteric heats of adsorption between CH4 and
H2 in the IRMOFs with interpenetration are much higher than
those in their corresponding noninterpenetrated counterparts; this
explains the much larger selectivity observed in the former. Also,
the pressure-dependent behavior of the difference of isosteric
heats of adsorption is similar to that of selectivity (Figure 3).
For the noninterpenetrated IRMOFs, the adsorbate-adsorbent
interactions slightly decrease in a similar extent with increasing
pressure (loading) for both CH4 and H2 in the pressure range
studied, resulting in the differences of isosteric heats of
adsorption between CH4 and H2 being nearly unchanged. Again
this can be attributed to the facts that the crystal structures of
these noninterpenetrated IRMOFs are very simple with large
cubic pores, and up to 2.0 MPa there is still much space in the
pores of the material. For the interpenetrated IRMOFs, the
behaviors are caused by the existence of various small pores of
different sizes; the small pores and the heterogeneous nature in
pore size result in a decrease of the differences of isosteric heats
of adsorption with increasing loading (pressure).
As the structures of interpenetrated IRMOFs are somewhat
more complicated, it is instructive to study the occupying
situation of hydrogen and methane molecules in these IRMOFs
in detail and to clarify the different separation selectivity regions
in them. In this work the center of mass (COM) probability
distributions of methane and hydrogen for equimolar mixture
of CH4/H2 in the three interpenetrated IRMOFs at different
pressures were examined. Figure 5 shows, as an example, these
distributions in IRMOF-9.
As can be seen from Figure 5a-c (here we only show the
COM probability densities of methane for clarity), strongest
adsorption for methane occurs in the small pores formed by
the interpenetration of frameworks, the ones formed by two
metal clusters and phenyl linkers, particularly in the corner area,
where strongest overlap of the interactions from metal clusters
and phenyl linkers occurs; with increasing pressure (loading),
the areas formed by one metal cluster and a phenyl linker in
another chain also adsorb methane strongly (Figure 5, parts b
and c). This confirms that catenation can improve gas affinity.
The COM probability densities of hydrogen are shown in Figure
5d-f. It should be pointed out that here the densities are
enlarged 100 times for visualization, and methane was omitted
for clarity. Similar to methane, at low pressure, hydrogen is
preferably to be adsorbed in the small pores formed by two
metal clusters and phenyl linkers; however, with increasing
pressure, hydrogen molecules seem to distribute more uniformly
in the material (Figure 5, parts e and f), due to the presence of
more methane molecules that occupied most the favorable
adsorption sites. It seems the largest selectivity should occur in
the small pores formed by interpenetration; however, it is
difficult to get a clear picture from the COM figures shown in
Figure 5. Therefore, we computed the local selectivity in the
materials.
The selectivity distribution of methane for equimolar mixture
of CH4/H2 in IRMOF-9 at 298 K and 2 MPa is shown in Figure
6. The selectivity distribution is heterogeneous in the material,
with highest selectivity occurring in the small pores formed by
two metal clusters and phenyl linkers. In this region the
selectivity ranges from 30 to 90, much higher than the average
value of 14. The small pores formed by the linker-linker region
also show high selectivity (around 20), with lowest selectivity
in the center of the large pores (around 4). Figure 6 gives a
clear picture on the selectivity distribution in the material, and
it is expected that, with increasing pressure, the contribution of
Figure 4. Differences of isosteric heats of adsorption between CH4
and H2 in the six IRMOFs as a function of pressure (only the parts
contributed by the adsorbate/IRMOF framework interactions are given).
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the small pores formed by the linker-linker region will become
more important. The selectivity distribution plot for 1 MPa is
very similar to the one for 2 MPa. As to 0.1 MPa, since the
number of molecules in the system is too small to reliably
estimate the local selectivity, the selectivity distribution figure
was not calculated.
3.2. Effect of Composition on Selectivity. For practical
applications, it is useful to know how the adsorption
selectivity varies with the gas mixture composition. Figure
7 gives the selectivities of methane for CH4/H2 mixtures at
five compositions, as a function of pressure. Figure 7 shows
that the selectivity does not strongly depend on gas mixture
composition for the three noninterpenetrated IRMOFs within
the pressure range studied. For the interpenetrated frame-
works, however, the mixture composition does affect the
selectivity. This can be attributed to the differences in crystal
structures of these two types of materials. The three nonin-
terpenetrated IRMOFs have very simple crystal structures,
and the pores are rather large compared to the adsorbates
studied. Within the pressure range considered, there is still
much free volume in the pores of these materials for all gas
mixture compositions, whereas for the interpenetrated IR-
MOFs the situation is different as they have various smaller
pores of different sizes, resulting in more complicated
structures. Therefore, the selectivity is more sensitive to both
pressure and composition. As can be seen from Figure 7,
the selectivities of methane at various compositions are
identical at very low pressure, whereas with increasing
pressure, methane selectivity decreases with increasing the
bulk molar fraction of methane. The reasons for these
phenomena are that in the infinite dilution region, the
selectivity of a mixture depends mainly on the interactions
of the adsorbent with the adsorbate, whereas with the
increasing of pressure, the molecules have to compete for
space and confinement effects become evident; in this case,
pore size, topology, as well as heterogeneity in structure play
more important roles, and their effects on selectivity depend
on the composition of the mixtures in the pores. Although
the mixture composition affects the selectivity in the three
interpenetrated IRMOFs, within the entire composition range
they show much larger methane selectivity than their non-
interpenetrated counterparts. Therefore, this work demon-
strates that the creation of interpenetrated frameworks is a
promising strategy to develop new MOFs with enhanced
adsorption separation selectivity.
3.3. IAST Prediction. It has been commonly recognized that
IAST46 can give good predictions of gas mixture adsorption in
many zeolites,47,48 and in our previous work we have demon-
strated it is applicable for depicting the CH4/H2 adsorption in
noninterpenetrated IRMOF-1 and Cu-BTC.21 IAST calculations
were performed to check whether this is also the case for
interpenetrated MOFs. The calculated adsorption selectivities
Figure 5. Contour plots of the COM probability densities of CH4 (a-c) and H2 (d-f) in planes through the catenated area in IRMOF-9 at different
pressures (Zn, blue; O, red; C, gray, and H, white).
Figure 6. Contour plot of adsorption selectivities of CH4 for equimolar
mixture of CH4/H2 at 2 MPa and 298 K in planes through the catenated
area in IRMOF-9 (Zn, blue; O, red; C, gray, and H, white).
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of methane at different compositions with GCMC and IAST in
IRMOF-9 and IRMOF-11 are shown in Figure 8 as an example.
In all the cases, good agreement between GCMC simulation
and IAST calculation was obtained, indicating that IAST is
applicable to predict the adsorption behavior of CH4/H2 mixture
in the interpenetrated IRMOFs studied.
4. Conclusions
This work shows that, due to the additional small pores and
adsorption sites formed by the interpenetration of frameworks,
the adsorption selectivity of CH4/H2 mixtures is greatly enhanced
in the three interpenetrated IRMOFs compared with their
noninterpenetrated counterparts. In the interpenetrated MOFs,
because of the existence of various small pores of different sizes,
methane selectivity shows more complex behavior, and the
selectivity differs largely in the different areas of the pores. In
addition, this work shows IAST is likely to be applicable to
interpenetrated MOFs with complex structures. On the basis of
the results obtained, it may be concluded that the creation of
interpenetrated frameworks is a promising strategy to develop
MOFs with high separation performance.
At the moment, there are no experimental data to check our
results; it would be interesting to see whether experiments can
confirm our observations in the future. Also, it would be an
interesting topic to study the performance of membranes based
on these MOFs, both experimentally and theoretically.
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